AM Bench 2022 Macroscale Tensile Challenge at
Different Orientations
(CHAL-AMB2022-04-MaTTO) and Summary of
Predictions®

Newell Moser (0000-0002-3346-6427)'"F, Jake Benzing
(0000-0002-7266-870X)*"*, Orion L. Kafka (0000-0003-2333-8154),
Jordan Weaver (0000-0003-4857-5164)%, Nicholas Derimow
(0000-0001-7526-1836)", Ross Rentz (0009-0001-0529-5229)*
Nikolas Hrabe (0000-0001-7585-0980)*

'Material Measurement Laboratory, National Institute of Standards and
Technology, 325 Broadway St, Boulder, 80305, CO, USA.
2Engineering Laboratory, National Institute of Standards and
Technology, 100 Bureau Drive, Gaithersburg, 20899, MD, USA.

*Corresponding author(s). E-mail(s): newell.moser@nist.gov;
jake.benzing@nist.gov;
Contributing authors: orion.kafka@nist.gov; jordan.weaver@nist.gov;
nicholas.derimow@nist.gov; ross.rentz@nist.gov; nik.hrabe@nist.gov;
TThese authors contributed equally to this work.

Abstract

The additive manufacturing benchmarking challenge described in this work was
aimed at the prediction of average stress-strain properties for tensile specimens
that were excised from blocks of non-heat-treated IN625 manufactured by laser
powder bed fusion. Two different laser scan strategies were considered: an X-
only raster and an XY raster, which involved a 90° rotation in the scan direction
between subsequent layers. To measure anisotropy, multiple tensile orientations
with respect to the build direction were investigated (e.g., parallel, perpendicular,
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and intervals in between). Benchmark participants were provided grain struc-
ture information via electron backscatter diffraction measurements, as well as the
stress-strain response for tensile specimens manufactured parallel to the build
direction and produced by the XY scan strategy. Then, participants were asked
to predict tensile properties, like the ultimate tensile strength, for the remaining
specimens and orientations. Interestingly, the measured mechanical properties did
not vary linearly as a function of tensile orientation. Moreover, specimens man-
ufactured with the XY scan strategy exhibited greater yield strength than those
corresponding to the X-only scan strategy, regardless of orientation. The bench-
mark data has been made publicly available for anyone that is interested [1]. For
the modeling aspect of the challenge, five teams participated in this benchmark.
While most of the models incorporated a crystal plasticity framework, one team
chose to use a more semi-empirical approach, and to great success. However, no
team excelled at all the predictions, and all teams were seemingly challenged with
the predictions associated with the X-only scan strategy.

Keywords: Additive Manufacturing, Benchmarking Challenge, Mechanical Properties,
Tension Testing, Anisotropy



1 Introduction and Challenge Formulation

A critical component of the Additive Manufacturing (AM) Research and Development
mission at the National Institute of Standards and Technology (NIST) is to enable the
predictable and repeatable performance of AM components. To fulfill this mission, it
is common practice to establish processing-structure-property relationships through
advanced measurement science. However, a full design of experiments is usually lim-
ited by time and other valuable resources. Modeling efforts and simulations provide
a solution to these limiting factors by rapidly narrowing selection windows based on
predicted performance. In order to improve model capabilities and efficiency, blind
predictions are necessary to assess the strengths and weaknesses of a given approach.
Moreover, the rapid iteration of product designs used in modern engineering prac-
tice requires reliable and precise predictions. Hence, the need for modeling challenges
exists.

One of the first notable challenges created in this realm was the Sandia Fracture
Challenge [2]. This challenge focused on predicting properties of specimens extracted
from a rolled plate of 15-5 precipitation-hardened steel. Material pedigree informa-
tion, microstructure, uniaxial tensile properties, and fractographs were provided. The
challenge requested ductile tearing predictions in a specimen with compact tension
geometry designed with critically located holes along the intended crack path. Thirteen
predictions were submitted by various institutions and ranged from simple engineer-
ing calculations to complicated multiscale simulations. While model deficiencies were
identified, the need for additional blind prediction-based assessments was noted.

Additive manufacturing, specifically laser powder-bed fusion (L-PBF), was incor-
porated into the third Sandia fracture challenge [3], which provided uniaxial tensile
properties, grain structure, pore population information, and other calibration data
for 316L stainless steel. In this benchmark challenge, predictions were requested of the
ductile failure path in a specimen geometry that included internal channels of varying
angles and shapes that could not have been conventionally machined. This testing was
performed by Sandia National Laboratories, and the answers were not released until
all predictions had been submitted. The results showed that most submissions were
able to predict the nominal crack path and initiation location correctly. In addition,
it was noted that the accuracy had improved since the second Sandia fracture chal-
lenge, indicating growing maturity for many types of models. One limitation of the
third Sandia fracture challenge was its reliance upon predefined /intentionally seeded
macroscopic defects that inherently reduce the generally stochastic nature of failure.

Soon after the completion of the third Sandia fracture challenge, the Air Force
Research Laboratory (AFRL) launched a four-part challenge series bridging either
processing-to-structure or structure-to-properties relationships on macro- and micro-
scale length scales [4] of AM Inconel 625 parts subjected to heat treatments including
hot isostatic pressing. At a similar time, the first set of AM benchmarking challenges
led by NIST in 2018 focused on structure predictions by providing the modeling com-
munity with calibrated processing information [5] on builds of AM Inconel 625 parts
left in the as-built state. However, mechanical properties were not in the scope of this
2018 NIST AM benchmark.



There is some overlap between the 2022 NIST AM benchmarking sub-challenge
described in this work and the aforementioned benchmark challenges. This sub-
challenge, denoted as AMB2022-04-MaTTO, was aimed at formulating predictions of
macroscale tensile properties given microstructural information. Similarly, the AFRL-
led AM Challenge #3 provided microstructure and requested predictions for aggregate
macroscale stress-strain behavior of parts subjected to various heat treatments, sur-
face treatments, and test temperatures. Also, relevant to AMB2022-04-MaTTO, the
AFRL AM challenge #4 asked for predictions of elastic strain in a particular grain
(explicit 3D microstructure provided) for Inconel 625 (IN625) material produced by
laser powder bed fusion, but all requested values were prior to the onset of localization
and did not involve failure. In the discussion section on lessons learned from the AFRL
challenge, the modeling community voiced a need for clear de nitions and descriptions
of data. In addition, the consensus was that the longer-term impact of the challenge
series is the curated, publicly available data that is available in perpetuity. A gap was
identi ed regarding the e ects of laser scan strategies and how these scan strategies
a ect the properties in parts not subjected to heat treatments. Bearing this in mind,
the AMB2022-04-MaTTO benchmark was formulated [1].

AMB2022-04 is a direct extension to the measurement data provided by the NIST
2018 AM benchmark (i.e., AMB2018-01). For AMB2018-01, data were provided for
laser powder bed fusion (L-PBF) builds of IN625, including powder characterization,
detailed information about the build process,in situ measurements during the build,
ex situ measurements of the residual stresses, part distortion following partial cutting
o the build plate, location-speci ¢ microstructure characterization, and microstruc-
ture evolution during a post-build heat treatment. Here, these data are extended to
include mechanical property data for the as-built material. An additional build plate
of parts designed for mechanical testing was fabricated using the same build machine
as AMB2018-01, the same alloy powder (di erent lot number), and the same bulk
material scan pattern. These parts were used for macroscopic mechanical testing, with
additional characterization provided by micro X-ray computed tomography (XRCT)
and scanning electron microscopy (SEM). All mechanical test specimens were tested
in the as-built state, with no residual stress annealing.

The general concept of the AMB2022-04-MaTTO benchmark was to ask for predic-
tions of the stress-strain response along multiple loading directions for parts produced
with an X-only raster scan strategy and an XY raster scan strategy. Select data was
provided to assist in the calibration of the models, including a set of stress-strain
curves from tensile specimens oriented parallel to the build direction that were man-
ufactured using the XY scan strategy. Additionally, microstructure was measured,
via electron backscatter di raction, along three orthogonal planes for multiple blocks
corresponding to both laser scan strategies.

The description of this challenge and the summary of results are organized into (2)
Materials and Methods, (3) Experimental Results, (4) Modeling Submissions, (5) Dis-
cussion, and (6) Conclusions. The Materials and Methods section provides information
necessary to replicate the build information, part design, tension testing, as well as
methods used to characterize grain structure and pore structure. The Results section is
broken down into distinct sections of results that were provided to the modelers when



challenges were announced, and results provided after the submission deadline had
closed, which were used to score the submissions. The Modeling Submissions section
gives a brief description of the assumptions and strategies used by each of the ve
teams that submitted predictions. In the Discussion section, the models and results
from each submission were compared to the value obtained from the experimental
measurements, and lessons learned were summarized from a post-challenge workshop
that took place a few months after the AM Bench 2022 Conference. Future directions
are also included. Conclusions on the e cacy of the models are expanded upon for
this blind prediction and major areas for improvement are identi ed.

2 Materials and Methods

2.1 Build Information and Part Design

The build plate reserved from AMB2018-01 and the new build plate of specimens
for mechanical testing were both built on the same EOS M270. The EOS M270 is
referred to using the designation CBM, for commercial build machine. To the greatest
extent possible, the build parameters and conditions were kept identical between the
AMB2018 and AMB2022 builds, but new powder lots were required because there was
insu cient nickel alloy IN625 powder remaining from AM Bench 2018. The new build
plate was designated AMB2022-625-CBM-B2.

The new AMB2022-04 build was manufactured using IN625 powder with chemical
composition provided in Table 1. Values in the table are taken from vendor-supplied
data sheets, which utilized ASTM E1479 (inductively-coupled plasma atomic emission
spectrometers) [6] for all elements except that ASTM E1019 (combustion) [7] was used
for C/S and ASTM E1019 (fusion) [7] for O/N. The powders were kept sealed in the
original shipment containers until use; virgin powder was used. Chemical composition
for as-built solid material was measured after the build and is also provided in Table
1. For reference, the standard composition for forged IN625 is given as well, as de ned
by [8].

The nickel alloy IN625 parts were built on a full size 252mm 252 mm) 1045
steel alloy build plate. N, cover gas with low velocity was used. Figure 1 shows a
diagram of the AMB2022-625-CBM-B2 build plate. No heat treatment was applied to
this material.

Figure 1 shows a diagram of the AMB2022-625-CBM-B2 build plate. This plate
included three additional macroscale tensile specimens (T1 through T3), 40 parts to be
used for tensile specimens (X-01 through X-20 and XY-01 through XY-20) produced
using two di erent scan strategies, and two additional parts for general purpose use
(C1 through C2). The part labels on Figure 1 will be used in the generation of unique
identi ers, as will be described in Section 2.3.

For the new AMB2022-625-CBM-B2 build plate, some parts were built using the
same pre-contour and alternating XY scan strategy used for the AMB2018-01 builds.

L Certain commercial equipment, instruments, or materials are identi ed in this paper in order to specify
the experimental procedure adequately. Such identi cation is not intended to imply recommendation or
endorsement by NIST, nor is it intended to imply that the materials or equipment identi ed are necessarily
the best available for the purpose.



Fig. 1 Diagram of the AMB2022-CBM-B2 build plate. Block names start with the laser scan strat-
egy, either XY or X-only, followed by the block number. The angle inside each block denotes the
loading direction of the excised tensile specimens with respect to the build direction, as described in
Figure 2. Blocks marked with an "M' were used for representative microstructure measurements, and
blocks marked with /' were not used.

In the XY scan strategy, the laser direction traverses along the X direction in the rst
build layer, then the raster direction is rotated 90° for the subsequent layer, and the
part is melted along the Y axis (perpendicular to X, see Figure 1). In contrast to this,
an X-only raster strategy was also considered for some parts on the new build plate,
which involves traversing the laser back-and-forth along the same direction (+X and
-X) for each subsequent build-layer. The scan strategy for each block on the build
plate is indicated with an XY or X before the sample number. These 40 blocks do not
contain stripe boundaries. The build terminated at a nal layer height of 19:06 mm



Table 1  Elemental composition of powder
feedstock and solid material. All composition
measurements are in mass percent. Standard
composition is de ned by ASTM B564-22,
UNS N06625 [8] (maximum, unless range or
minimum is noted).

Element Standard Powder Solid

Ni 58.0 Min Balance  Balance
Cr 20.0-23.0 21.54 20.4
Fe 5 0.78 1.00
Mo 8-10 9.19 8.60
Nb 3.15-4.15 4.13 3.83
Co 0.18 n/a

Ti 0.4 0.38 0.31
Al 0.4 0.32 0.27
Si 0.5 0.14 0.11
Mn 0.5 0.05 0.06
P 0.015 <0.01 <0.001
Ta 0.02 n/a

C 0.10 0.02 0.02
S 0.015 < 0.005 0.009
(0] n/a 0.01 n/a

N n/a 0.01 0.21

Table 2 Nominal manufacturing conditions for the commercial build
machine (CBM). 1Estimated. 2Measured at build chamber ceiling.

In Il laser power 195 W

In Il scan speed 800 mm=s
Hatch spacing 100 um

Nominal layer thickness 20 pm

Inll laser diameter 1 (FWHM) 59 pm

Inert gas Nitrogen

Oxygen level? 0.58% 0.07%
In Il laser diameter, at recoating plane 1 (D4 ) 100 pm

rather than the designed 20 mm due to a limited amount of powder remaining in the
dispenser bin.

2.2 Uniaxial Tensile Testing

Tensile specimens, for each respective block, were assigned a given tensile orientation:
0°, 30°, 45°, 60°, and 9C° with respect to the build direction. The 0° orientation corre-
sponds to the tensile specimen being parallel to the build direction, which is denoted
as the Z-direction. Figure 2 provides orientations annotated above each block. Three
blocks were assigned to each combination of scan-strategy and tensile-orientation. One
additional block for each scan strategy was used for representative microstructure
measurements.

Four tensile specimens were excised from each block using electric discharge
machining (EDM) according to Figure 3. No contour material was included in the



Fig. 2 Tensile specimens were excised from additively manufactured blocks of IN625 produced using
either an X-only scan strategy or a more conventional XY scan strategy. The dimensions of the blocks
were designed to accommodate all tensile specimen orientations with respect to the build direction
(i.e., the Z-direction): 0 , 30 ,45 , 60 , and 90 , where 0 corresponds to the tensile axis parallel to
the build direction.

Fig. 3 Using wire-EDM, four miniature tensile specimens were excised from each block; specimens
were cut to a thickness of 1:5mm. The cutting kerf was approximately 0:33 mm. Detailed dimensions
of the specimen geometry are shown (symmetry implied). Scrap material was left on the ends to avoid
the inclusion of laser-contoured material in the specimens. All dimensions in millimeters.

gauge section of tensile specimens. Tensile specimens were extracted from blocks pro-
duced with X-only and XY scan strategies at di erent orientations with respect to

the build direction. Tension testing was conducted at room temperature and in ambi-
ent air, using a quasi-static nominal strain rate of approximately 0:001s * to failure

on an MTS 858 Mini Bionix Il servo-hydraulic load frame under displacement con-
trol. Specimen elongation was measured using a custom physical extensometer (gauge
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